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Abstract
The idea of treating the horizon of a black hole as a stretched membrane with surface tension has
a long history. In this work, we discuss the microscopic origin of the surface tension of the horizon
in quantum pictures of spaces, which are Bose-Einstein condensates of gravitons. The horizon is a
phase interface of gravitons, the surface tension of which is found to be a result of the difference in
the strength of the interaction between the gravitons on its two sides. The gravitational source, such
as a Schwarzschild black hole, creates a transitional zone by changing the energy and distribution
of its surrounding gravitons. Archimedes’ principle for gravity can be expressed as follows: “the
gravity on an object is equal to the weight of the gravitons that it displaces.”
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I. INTRODUCTION
Recently, Dvali and Gomez [1–5] have developed quantum pictures of gravitational back-
grounds, such as black holes, Anti-de Sitter space (AdS), de Sitter space (dS) and inflation-
ary universes, which can be viewed as Bose-Einstein condensates (BEC) composed of N soft
constituent gravitons. Some related ideas appeared in [6–18].
In Dvali-Gomez’s quantum picture[4], the wave-length of gravitons set by the character-
istic classical size R (i.e., the curvature radius) of the system and a Schwarzschild-Anti-de
Sitter space (S-AdS) was treated as a mixture of two graviton-BECs. The thermodynamics
of dS, AdS, and black holes in asymptotically dS and AdS have been studied by Hawking and
his coworkers, Gibbons[19] and Page[20]. If Dvali and Gomez’s quantum pictures for space
have universality, S-dS space should also be a mixture of graviton-BECs. Using BEC picture
of S-dS Space, Cadoni and coworkers[21, 22] discussed dark matter, which was explained as
a result of the reaction of the dark energy fluid to the presence of baryonic matter.
In condensed matter physics, the mixtures of BECs also draw much consideration. In
this field, there have been some important achievements in both experiment[23–28] and the
theory[29–31]. According to the classification by Timmermans[30], the separations in the
mixtures of BECs can be divided into two types: phase separation and potential separation.
The idea that treating the horizon of a black hole as a stretched membrane with surface
tension has a long history[32–35] (the origin of this idea dates back to the 1970s [36, 37]). If
the separation in S-dS space is phase separation, which means that the black hole horizon is
a phase separation of gravitons, then the microscopic origin of the surface tension of horizon
will become easier to understand: in two phases separated by the horizon, the interaction
between gravitons is different, therefore resulting in the surface tension of the horizon.
In a binary BEC system with phase separation, there is Laplace pressure across the
interface[31]. What is the physical meaning of the Laplace pressure across the horizon?
When re-examining Verlinde’s entropic gravity[38] from the perspective of quantum pictures
of space, we found that the Laplace pressure across the stretched horizon can be related to
its surface gravity. Outside a black hole in asymptotically (A)dS or asymptotically flat
space, there is a transitional zone. Under the influence of the gravitational potential of
the black hole, the energy of the gravitons in the transitional zone is changed to varying
degrees depending on their distances to the horizon.The gravitons of the same temperature
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constitute a holographic screen (including the horizon). Displacing some gravitons, an object
on the horizon expresses a buoyancy from the gravitons, which is the gravity acting on it.
The transitional zone can also be regarded as a development of Dvali and Gomez’s thought
about the wavelength of graviton to a general case: the energy of gravitons set by the
curvature radius of their local space. In this way, the thermodynamic description based on
quantum space provides a microscopic dynamics mechanism for the geometric description
in general relativity.
II. PRESSURE AND THERMODYNAMIC VOLUME OF A BLACK HOLE
Since the cosmological constant has an associated pressure, the thermodynamics of black
hole with pressure and its conjugate thermodynamic variable, thermodynamic volume, have
been discussed in[39–43]. For a Schwarzschild black hole in dS or AdS spacetime, the first
law of thermodynamics will be
dU = TdS − PdV (1)
where
P = − Λ
8pi
(2)
is the associated pressure of cosmological constant Λ and
VB =
4pir30
3
(3)
is the conjugate thermodynamic variable of P , the thermodynamic volume of the black hole
with a radius of r0. c = ~ = G = kB = 1 is used in this work.
VB is identified as the volume excluded by the black hole horizon from a spatial slice
exterior to the black hole[39]. In Dvali and Gomez’s quantum pictures of space [1–5], the
thermodynamic volume of the black hole should be the volume of the internal gravitons.
When Λ = 0, which means P = 0, the change in thermodynamic volume of a black hole,
dV , does not affect its energy,
dU = TdS (Λ = 0 ) (4)
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FIG. 1. The object contributes a part of area of the horizon. The Laplace pressure across the
horizon caused by its surface tension will make the object to express a gravity.
III. SURFACE GRAVITY AND SURFACE TENSION
As aforementioned in the introduction, the internal and external gravitons of a black
hole form a binary BEC system. Hereinafter, for convenience of description, the internal
and external gravitons are respectively referred as gravitons in State I and State II. In a
binary BEC system with phase separation, there is Laplace pressure across the interface
[31]. Therefore, for the horizon as an interface with the surface tension of σH , the difference
in pressure across it is
∆P = P − Pout = 2σH
r0
(5)
where Pout is the gravitational pressures outside the horizon. When re-examining Verlinde’s
entropic gravity [38] from the quantum pictures of space perspective, we found that the
pressure difference described by equation (5) can be linked with the surface gravity of the
horizon. Verlinde’s derivation can briefly be reviewed as described below.
Motivated by Bekenstein’s argument leading to his area law for the black hole entropy,
that when a particle is one Compton wavelength from the horizon, it is considered to be part
of the black hole and brings in 1 bit of information[44], Verlinde provided his thermodynamic
interpretations of gravity based on the holographic principle[45, 46].
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The change in entropy associated with the information on the boundary equals
∆S = 2pi when ∆r = 1/m (6)
The holographic relation
N = A (7)
describes that the number of bits on the boundary of a gravitational system, N , is propor-
tional to the area of boundary, A. In Verlinde’s work, this boundary is a holographic screen,
the energy of which is evenly distributed over the occupied bits, N and is equivalent to the
Misner-Sharp mass M that would emerge in the part of space surrounded by the screen. M
is also the total energy of the gravitons in State I. The equipartition rule is assumed to hold
for the holographic screen
E = M =
1
2
NTr (8)
which describes that the energy of a gravitational system, M , is divided evenly over the bits
N at the temperature of Tr. For a horizon or general holographic screen,
A = 4pir2 (9)
Therefore, Tr can be determined by equations (8−9) as
Tr =
M
2pir2
(10)
When the object moves over a distance of one reduced Compton wavelength, the entropy
change will make it experience an effective entropic force. From equations (6−10), this
entropic force can be obtained as
F (r) =
Tr∆S
∆r
=
Mm
r2
(11)
From the Novikov coordinates [47], the equivalent gravitational acceleration of a free-falling
object relative to a hypothetical local inertial observer in Schwarzschild metric (Λ = 0) is
g(r) =
d2r
dτ 2
=
M
r2
(12)
where τ is the proper time of the free-falling object when it reaches the coordinate r. Com-
paring equation (11) and equation (12), the entropic force is found to be the gravity of the
object from the view of a hypothetical local inertial observer at the coordinate r.
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In Dvali and Gomez’s quantum pictures of space, a holographic screen (including the
horizon) should be a layer of gravitons with the same temperature and energy. When an
object crosses the horizon, ∆P across the horizon will make the object experience an effective
force,
F (r0) = −∆PdA = Mm
r20
(13)
where dA is the increase in horizon area when the object crosses the horizon and merges
with the microscopic degrees of freedom on the horizon. From [38], we know
dA = dN =
2m
Tr0
(14)
From equations (5), (13) and (14), the surface tension of a Schwarzschild black hole is
σH = −κ
2
Hr0
8pi
= − 1
32pir0
(15)
where κH is the black hole surface gravity.
The special case of Λ = 0 is discussed above. Chang-Young and his co-workers [48] have
generalized Verlinde’s entropic gravity to Schwarzschild-de Sitter space by dividing the space
into two parts. At each part, equation (8) still hold. Therefore, the above analysis method
for Λ = 0 can be generalized to Schwarzschild-de Sitter space.
For a Schwarzschild black hole in an asymptotically de Sitter space when Λ 6= 0, the
black hole surface gravity is
κH =
Λ
6r+
(r++ − r+)(r+ − r−−) (16)
where r++, r+, and r−− are three roots of
3r − 6M − Λr3 = 0 (17)
The surface tension of the black hole horizon in a Schwarzschild-de Sitter space can be
described as
σH = −κ
2
Hr+
8pi
(18)
In summary, it is the difference in the interaction strength between the gravitons on
two sides of a horizon that results in the surface gravity and the surface tension of the
horizon. The interaction between gravitons in BEC is not the focus of this work. Cadoni
and coworkers[21, 22] have worked on this topic. In [21, 22], the local Newtonian gravity
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was recovered from the cosmological condensate (and new phenomenological consequences
emerge) and the dark matter was explained as an appearance of the reaction of the dark
energy fluid to the presence of baryonic matter.
IV. ARCHIMEDES’ PRINCIPLE FOR GRAVITY
As aforementioned in the previous section, a holographic screen is a layer of gravitons
with the same temperature and energy in quantum pictures of space. Assuming the thickness
of the holographic screen at coordinate r is lr, the volume of the holographic screen V will
be
V = Alr (19)
Of the volume V , particle of mass m on the horizon contributes
dV = dAlr =
m
M
Alr (20)
The energy density of the holographic screen ρ is
ρ =
E
V
=
M
Alr
(21)
Displacing some gravitons, the particle should express a buoyancy from the gravitons. Ac-
cording to the famous Archimedes’ principle, this buoyancy Fb is equal to the weight of the
gravitons displaced by the particle
Fb = ρgdV (22)
where g is the local gravitational acceleration. Substituting equations (20) and (21) into
equation (22), we can find that
Fb = mg (23)
Therefore, an object’s gravity is its buoyancy in space. Archimedes’ principle for gravity
can be described as follows: “the gravity on an object is equal to the weight of the gravitons
displaced by it.”
The energy of the gravitons in State II in the transitional zone outside the black hole has
two sources: its own energy and the induced energy owing to the existence of a gravitational
source. In a Schwarzschild-de Sitter space, both sources exist; in an asymptotically flat
space, only the induced energy exists. It should particularly be mentioned that only the
first source will affect the energy of the holographic screen.
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In an earlier thermodynamic interpretations of gravity [49], Jacobson proposed a view
that Einstein equation is an equation of state of space. The density of the holographic
screen compositing of gravitons is a kind of vacuum energy, which therefore can be regarded
as an equivalent local cosmological constant,Λ (r) = 8piρ (r), with an associated pressure of
P (r) = −ρ (r). The gravitational intensity is determined by the pressure gradient in the
transitional zone. In the quantum picture of space, the counterpart of the metric curvature
is the temperature of the graviton.
V. STABILITY OF BEC BLACK HOLE
Dvali and Gomez’s quantum pictures of gravitational backgrounds [1–5] provide an in-
sightful perspective of space and may shed light on quantum gravity. However, the attractive
potential of graviton will cause a problem:“why does the energy of a BEC black hole not
collapse to its singularity like a classic black hole?” Dvali and Gomez thought the black
hole is a Bose-Einstein condensate “frozen” at a quantum critical point, where the system
achieves a delicate balance: neither collapsing nor expanding. This appears to be a strong
constraint. According to the works of Cadoni and coworkers[21, 22], we know that gravitons
can be pulled out from BEC by local baryonic sources. In this work, inspired by the ther-
modynamics of the gravitational system [19, 20, 38, 48, 49], we found that the local thermal
equilibrium should be responsible for the stability of BEC black hole.
The local thermal equilibrium is an important assumption in both Verlinde’s entropic
gravity [38] and Jacobson’s thermodynamic derivation of the Einstein equation [49]. More-
over, it is also a basic assumption in a thin film model (also referred as a membrane model)
provided by Zhao and his coworkers [50–52] by improving ’t Hooft’s brick-wall model [53]
in order to calculate the statistical entropies of nonstatic black holes or black holes in non-
thermal equilibrium. It was found that the local equilibrium near the horizon should be
maintained for the black holes with a mass far greater than the Planck scale [48]. The hori-
zon of a BEC-black hole is a phase interface separating two different graviton-BECs. When
the local equilibrium near the horizon is maintained, two graviton-BECs separated by the
horizon can coexist similar to saturated water and saturated steam.
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VI. CONCLUSION
The idea of treating the horizon of a black hole as a stretched membrane with surface
tension has a long history. In this work, we discussed the microscopic origin of the surface
tension of the horizon by combining Verlinde’s entropic [38] and Dvali-Gomez quantum
pictures of spaces [1–5]. The horizon of a BEC-black hole is a phase interface separating
two different graviton-BECs. The strength of the interaction between the gravitons on two
sides of a horizon is different, which results in the surface gravity and the surface tension of
the horizon.
In the quantum picture of space, the dynamics of gravity can be expressed as follows:
1. Spaces are Bose-Einstein condensates of gravitons.
2. When any gravitational source, such as a Schwarzschild black hole, enters these spaces,
it creates a transitional zone by changing the energy and distribution of its surrounding
gravitons. The gravitons in the transitional zone obtain induced energy.
3. The gravitons of the same temperature constitute holographic screens. By displacing
some gravitons, an object on the horizon expresses a buoyancy from the gravitons, which is
the gravity acting on it.
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